Footnotes
Modulation of cell function by cell volume changes implies structures which sense cell hydration changes ("osmosensing"), thereby initiating signal transduction towards effector sites ("osmosignaling"). Integrins are a family of extracellular matrix adhesion molecules involved in "mechanotransduction" and growth factor signaling (7) (8) (9) (10) . Recent evidence suggests that integrins play a major role as cell volume sensors in mammalian cells (11) (12) (13) (14) Thus, perturbation of integrin-extracellular matrix interactions by the integrin-antagonistic hexapeptide GRGDSP prevents stimulation of glutamine transport and glycogen synthesis by hypoosmotic swelling in skeletal muscle (13;14) . In perfused rat liver the GRGDSP peptide inhibits the Src-mediated MAP-kinase activation in response to hypoosmolarity, thereby preventing stimulation of bile acid excretion (11) , inhibition of autophagic proteolysis and activation of a volume-regulatory K + -efflux in response to hypoosmotic hepatocyte swelling (12) . In addition, GRGDSP also abolishes proteolysis inhibition by glutamine-induced cell swelling, whereas swelling-independent proteolysis inhibition e.g. by phenylalanine remains unaffected (12) . 
Experimental Procedures Liver Perfusions
The experiments were approved by the responsible local authorities. Livers from male Wistar rats (120 -150 g body wt), fed a standard chow, were perfused as described previously (18) in a nonrecirculating manner. The perfusion medium was the bicarbonate-buffered Krebs- 
Determination of the intracellular water space in perfused liver
The intracellular water space in the intact perfused rat liver was calculated from the difference Bq/ml perfusate), as described previously (22) . In brief, both isotopes were infused for 5 min, a time period sufficient to allow equilibration of both tracers within the intracellular and extracellular compartments. Then, tracer infusion was stopped and the influent perfusate was collected for another 5 min, a time period allowing complete washout of both isotopes. institution of the respective condition. A spontaneous decrease of the intracellular water space of 2.6% within 30 min in fed animals was taken into account, as described previously (22) . In livers from fed animals, the cell water under control conditions was 572 ± 11 µl/g (n=28).
Tissue processing for Western Blot analysis
For western blot determinations, liver lobes from perfused liver were excised in a way that 
Western Blot analysis
The lysed samples from the perfused liver were centrifuged at 4°C and the supernatant was 
Materials
The integrin antagonistic GRGDSP and the inactive control peptide GRGESP were from Bachem (Heidelberg, Germany 
Results

Role of integrins as osmosensors in insulin-signaling towards p38
MAPK Insulin (35 nmol/l) induces a rapid Src phosphorylation on Tyr 418 , which is maximal after 2-5 min ( Figure 1A ,B, Table 1 ) and, as shown previously (15) insulin causes a rapid and transient activation of the p38-type MAP-kinase in perfused rat liver ( Figure 1A , Table 1 ). Also the level of [Tyr(P) 397 ]FAK is increased in response to insulin ( Figure 1A , Table 1 ). Control perfusions in absence of insulin were without effect on p38 MAPK and did neither affect Src phosphorylation on Tyr 418 nor FAK phosphorylation on Tyr 397 ( Figure 1A , Table 1 ).
The GRGDSP hexapeptide prevents integrin binding to the RGD attachment sites of extracellular matrix proteins (24) . Recently the formation of new connections between integrins and their specific ligands was shown to be required for integrin-mediated mechanotransduction (25) . As shown in Figure 1 and Table 1 Table 1) by insulin. Also the insulin-induced FAK-Tyr 397 phosphorylation is sensitive to GRGDSP, although some inhibition is also observed in presence of GRGESP (Table 1) . Both hexapeptides are without inhibitory effect on IRβ Tyr 1158 and PKB Ser 473 phosphorylation by insulin ( Figure 1 ) and do not affect cell swelling and K + retention induced by insulin in the perfused rat liver (Table 2) .
PP-2, an inhibitor of Src-type kinases (26) was used to examine a potential role of Src in the activation of p38 MAPK by insulin in perfused rat liver. As shown in Figure 1 and Loop diuretics inhibit the sodium potassium chloride cotransport and thereby prevent insulininduced hepatocyte swelling (27;28) and p38 MAPK activation, but not IRβ tyrosine phosphorylation by insulin in the perfused rat liver (16) . As shown in Figure 1 and Table 1, infusion of furosemide effectively prevents the increase of [Tyr(P) 418 ]Src in response to insulin ( Figure 1 , Table 1 ). The findings support the view that cell swelling by insulin in perfused rat liver acts as a trigger of Src activation. However, furosemide has no effect on insulin-induced PKB Ser 473 phosphorylation ( Figure 1A ).
Hypoosmotic swelling and insulin induce β 1 integrin active conformation
In normal liver the most important integrins are α 1 β 1 , α 5 β 1 and α 9 β 1 (29) (30) (31) . In order to analyze a potential involvement of β 1 integrin in osmosensing, sections from perfused livers were analyzed for β 1 immunoreactivity using antibodies recognizing the active β 1 integrin and the α 5 β 1 dimer irrespective of its activation state, respectively. To visualize hepatocyte borderlines the cortically localized filamentous actin was labeled with FITC-coupled phalloidin. As shown in Figure 2A ,B, under normoosmotic control conditions there was an intense membrane staining for the α 5 β 1 dimer, but not for the active ß 1 form, indicating that integrins are in a largely inactive form under control conditions. Hypoosmotic (185 mosmol/l) perfusion or insulin (35 nmol/l) had no effect on the expression and localization of α 5 β 1 ( Figure. 2B), however, increased immunoreactivity of activated β 1 integrin, which was largely confined to the plasma membrane as indicated by superimposition of activated β 1 integrin and actin staining, but which was also found inside the cells ( Figure. 2A) . The loop diuretic furosemide inhibited the insulin-induced appearance of activated β 1 immunoreactivity ( Figure   2A ) without affecting α 1 β 5 immunoreactivity and localization ( Figure 2B ). This suggests that NKCC1-mediated K + retention and cell swelling in response to insulin trigger β 1 integrin activation in perfused rat liver. The data suggest that cell swelling induced by either hypoosmolarity or insulin leads to β 1 integrin activation in perfused rat liver.
Role of the integrins and Src in swelling-dependent proteolysis control by insulin
In perfused rat liver the antiproteolytic effect of insulin was shown to be mediated by cell swelling (27) . Maneuvers interfering with osmosensing and osmosignaling are therefore expected to inhibit proteolysis regulation by insulin. Insulin was shown to inhibit proteolysis in perfused rat liver, which is reversible upon removal of insulin ((27), Table 2 ). As shown in Figure 3A and Table 2 , the integrin antagonistic peptide GRGDSP strongly blunted insulininduced proteolysis inhibition, whereas the inactive peptide GRGESP was ineffective.
Likewise, the Src inhibitor PP-2 but not its inactive analogue PP-3 prevented proteolysis inhibition by insulin ( Figure 3B , Table 2 ). The findings indicate an involvement of integrins and Src in swelling-dependent proteolysis inhibition by insulin.
The actin cytoskeleton is not involved in proteolysis inhibition by insulin
Integrins are linked to the actin cytoskeleton (8) . Moreover, the actin cytoskeleton could be involved in NKCC1 activation (32) . Thus, the role of microfilament integrity in insulin signaling toward proteolysis inhibition was assessed by destruction of microfilaments by latrunculin. Infusion of latrunculin (2 µmol/l) induces a sustained cholestasis (12) and leads to disappearence of polymerized actin in immunofluorescence-labeled thin sections of rat livers ( Figure 4 ). Despite destruction of actin filaments, in the presence of latrunculin the antiproteolytic insulin effect is fully preserved ( Figure 5 ). Also insulin-induced K + retention and cell swelling remained unaffected in presence of latrunculin (Table 2 ). These data suggest that proteolysis inhibition by insulin does not require intact actin filaments.
Swelling-dependent proteolysis inhibition by insulin is insensitive to rapamycin
The mammalian target of rapamycin (mTOR) plays an important role in regulation of protein metabolism by nutrient availability (33) (34) (35) (36) . Proteolysis inhibition induced by hypoosmotic swelling, however, is insensitive to rapamycin (15) . As shown in Figure 6 , in perfused rat liver rapamycin at a concentration of 500 nmol/l had no effect on basal proteolysis and its inhibition by insulin. Further, K + retention and cell swelling in response to insulin were unaffected by rapamycin ( Table 2 ). The findings suggest that swelling-dependent proteolysis inhibition by insulin does not require signaling via mTOR.
In order to verify mTOR inhibition by rapamycin in perfused rat liver the effect of leucine on mTOR-dependent signaling was monitored at the levels of p70S6-kinase and 4E-BP1 ( The present study provides evidence that "osmosensing" by integrins integrates into hepatic insulin signaling. Using the integrin antagonistic hexapeptide GRGDSP it is shown that activation of the integrin/Src system by insulin essentially contributes to p38 MAPK activation leading to inhibition of autophagic proteolysis. However, inhibition of integrin function and Src-type kinases is without effect on insulin-induced PKB activation, K + retention and cell swelling (this paper). Moreover, in isolated, suspended hepatocytes without contact to an extracellular matrix, insulin potently induces swelling but not proteolysis inhibition (28) . This indicates that integrins are probably not involved in the Ptdins-3-kinase-dependent signaling, which was recently located upstream of insulin-induced K + retention and cell swelling (16) .
Rather, the data suggest that cell swelling triggers integrin-dependent insulin signaling in hepatocytes anchored to the extracellular matrix. This is further supported by the finding that in perfused rat liver hypoosmotic swelling is sufficient to activate β 1 integrin (this paper) and to trigger p38 MAPK activation and proteolysis inhibition as downsteam events of integrindependent osmosensing and Src activation (11;12;15;16) . Further, inhibition of insulininduced cell swelling by furosemide prevents activation of β 1 integrin and integrin-dependent activation of Src (this paper), p38 MAPK and proteolysis inhibition (16) . Unlike insulin (this paper), hypoosmotic swelling does not increase FAK-Tyr(397) phosphorylation (12) , which therefore may not be essential for swelling-mediated proteolysis inhibition. Potential integrin partners in osmosensing and signaling include the tetraspanin CD9 (39) or caveolin-1, which mediates activation of a volume-regulated anion channel in response to hypoosmotic swelling (40) and whose deficiency results in insulin resistance (41) .
Hypoosmotic cell swelling activates Ptdins-3-kinase signaling in isolated hepatocytes (42;43) and perfused rat liver (16;44) . Because insulin-induced swelling depends on Ptdins-3-kinase and possibly at the same time feeds into the Ptdins-3-kinase pathway, it was hypothesized that insulin-induced swelling and Ptdins-3-kinase could be constituents of an autoamplificatory signaling loop (6) . However, inhibition of cell swelling by furosemide is largely without effect on insulin-induced PKB activation (this paper), suggesting that swelling-independent
Ptdins-3-kinase activation predominates.
Integrity of the actin cytoskeleton of is not required for proteolysis inhibition in perfused rat liver by both, hypoosmotic swelling (12) and insulin (this paper). However, proteolysis inhibition induced by either hypoosmolarity or insulin is sensitive to colchicine (45), indicating the involvement of microtubules. Indeed, microtubules significantly contribute to cellular mechanotransduction (46) , but the colchicine sensitivity of proteolysis inhibition could also reflect a role of microtubules in autophagic vacuole formation and transport.
Swelling-induced p38 MAPK activation is not affected by colchicine (47) , which suggests an involvement of microtubules downstream of or apart from the p38 MAPK .
The mammalian target of rapamycin (mTOR) links protein metabolism to nutrient supply (35) . Proteolysis inhibition by swelling induced by either hypoosmolarity (15) or insulin (this study) in perfused rat liver is insensitive to rapamycin, indicating that mTOR is not involved.
Moreover, in isolated hepatocytes hypoosmotic swelling and insulin do not increase phosphorylation of S6, a downstream target of mTOR involved in proteolysis inhibition by certain amino acids (34;48). However, both, hypoosmolarity and insulin were reported to amplify amino acid-induced S6 phosphorylation in isolated hepatocytes (34;48), suggesting some synergy which obviously does not require cell adherence. In the present study, only 100 µmol/l leucine were added to the perfusion medium in order to prevent reutilization of (9) 11.6 ± 0.6 (7) 22.5 ± 2.8 (9) Insulin + GRGDSP 4.9 ± 0.7 (7) 11.9 ± 0.6 (4) 7.6 ± 1. Liver were prelabeled and perfused as described in the legend to Liver were prelabeled and perfused as described in the legend to 
